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Abstract

The principal challenges arising from beam-induced endegosition in superconducting
(SC) magnets at high-energy high-luminosity hadron antbtepolliders are described. Radia-
tion constraints are analyzed that include quench stghiljinamic heat loads on the cryogenic
system, radiation damage limiting the component lifetilmued residual dose rates related to
hands-on maintenance. These issues are especially dialidor the interaction regions (IR),
particularly for the considered upgrade layouts of the karadron Collider. Up to a few
kW of beam power can dissipate in a single SC magnet, and dpea& power density can
substantially exceed the quench levels. Just formallynhgnet lifetime is limited to a few
months under these conditions. Possible solutions andlgs to mitigate these problems are
described in this paper along with R&D needed.
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1 Introduction

The Large Hadron Collider (LHC) under construction at CERN produce pp collisions at
/514 TeV and luminosity.=10* cm~2s~1. The interaction rate of 810° s~! represents a power
of almost 900 W per beam at each Interaction Point (IP), thipnityaof which is directed towards
the low{3 insertions in the form of the collision byproducts, with abone third of the power car-
ried out by neutrals in the very forward direction [1]. Atdiné supercolliders under consideration
—various LHC upgrade scenarios first of all [2, 3] — the IP poiweip to a factor of ten higher. The
quadrupole or dipole fields sweep the secondary particteshe coils along the vertical and hori-
zontal planes, giving rise to a local peak power dergity that can substantially exceed the quench
limits. Corresponding dynamic heat load can exceed thegenyios capacity. Build-up of radiation
defects can drastically reduce component lifetime. Hamdsaaintenance is rather difficult if all
components in the entire region are highly radioactive. ddreesponding IR layout, magnet design
and materials, and an appropriate set of collimators anarbéss must provide adequate mitigation
of these problems.

Contrary to the IR magnets, the majority of the main ring S@neds are in rather “comfort-
able” conditions with an adequate, highly-efficient, aobition system. The concerns here are a
cryoplant capability and accidental beam loss of GJoulenseaith a possible destruction of ma-
chine components.

In both cases, a lack of data on radiation limits for matsrisded in the SC magnets — espe-
cially in high-energy domain — makes the radiation damagk amponent lifetime situation at
supercolliders rather uncertain.

2 Radiation Sources at Supercolliders

There are three radiation sources in a collider with dose the SC coils proportional to the lumi-
nosity L or beam loss powe® x Al

1. pp collisions:D ~ o, x L, whereg, is a corresponding non-elastic cross section.

2. Operational beam loss: tails from collimators and beassgattering) ~ Q x Al, whereQ
is total beam energy, aril is beam loss rate.

3. Accidental beam loss: abort kicker prefire / unsynchmehizeam abor ~ Q x Al.

Table 1 compares, relevant to this report, parameters dfdbeon colliders: existing Tevatron,
LHC under construction at CERN, “modest” and “ultimate” LH@grades, LHC-2 and SLHC,
respectively [4], and two stages of a Very Large Hadron @eili VLHC-1 and VLHC-2 [5]. The
LHC rule was used to calculate a number of non-elastic intenas N1g at each IP over 10 years
of operation: Lioy = (0.1+1/3+2/3+7)x L at 180 days/yr. 10 yrs =510’ s — 500 fot. The
interaction rate 8 10° int/s ato,=80 mb and.=10** cm~2s~1 give Njo = 4x 10 int/10 yr.

A power of up to 1 to 10 kW per beam is directed towards the floinsertions on either side
of each IP causing severe short- and long-term radiatioblgmus described above. Only with
appropriate IR layout and magnet design [3], use of radiatésistant materials and highly efficient
protection system [1], one can provide reliable operatioih@se machines.

As for accidental beam loss, it was shown in Refs. [6, 7] thainaunsynchronized beam abort
in the LHC, up to 10% of total beam powé€rcan end up in the IR — which can literally explode
one or two quadrupoles and expensive detector componehtsotintercepted in the beam abort
section by a highly sophisticated protection system. Tageds out of scope of this paper.



Table 1: Particle energy, beam intensity (ppp), their produc, collision energy/S, luminosity
L, and a of non-elastic interactions at IPs over 10 years afadjpe N at hadron colliders.

Machine | E (TeV) | I,10" | Q(GJ) | VS | £, 10°* | Ny, 10'®
Tevatron| 0.98 0.1 [ 0.0016] 1.96| 0.01

LHC 7 3.1 0.35 | 14 1 4
LHC-2 7 4.8 054 | 14 2.5 10
SLHC 7 9.6 1.08 | 14 10 40
VLHC-1 20 9.7 3.20 | 40 1 4.5
VLHC-2 | 100 2.0 3.20 | 200 2 10.5

3 Protection Systemin IR

At the LHC, after thorough optimization of the IR layout, a@R protection system was designed
to protect SC magnets against debris generated imppheollisions and in the near beam ele-
ments [1]. The optimization study was based on detailedggnéeposition calculations with the
MARS code [8]. The system includes a set of absorbers in frontepirther triplet, inside the triplet
aperture and between the Iddvguadrupoles, inside the cryostats, in front of the D2 sdjmara
dipole and between the outer triplet quadrupoles. Themmpaters were optimized over the years
via theMARS runs to provide better protection and to meet practicalireqents at the same time.

Fig. 1 shows the inner triplet configuration. The two curveeve the approximate “nl = 7”
(number of beanw’s) beam envelope for injection and collision optics, imthg closed orbit and
mechanical tolerances [1].
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Figure 1: The LHC lowB insertions including absorbers: schematic view with thenbenvelopes.



The following design constraints are put on the IR protecigstem [1]:
1. Use ultimate design luminosity: ¥cm—2s~1 at LHC through 18 cm2s 1 at SLHC.

2. Geometrical aperture: keep it larger than “n1 = 7" for @tijen and collision optics, including
closed orbit and mechanical tolerances.

3. Quench stability: keep peak power densifyx, which can be as much as an order of mag-
nitude larger than the azimuthal average, below the quanthwith a safety margin of a
factor of 3.

4. Radiation damage: with the above levels, the estimatetinlie exceeds 7 years even in the
hottest spots.

5. Quench limit: tests of porous cable insulation systenagsraoent calculations concerning the
insulation system to be used in the Fermilab-built LHC IRdjuaoles (MQXB) have shown
that up to about 1.6 mW/g can be removed while keeping thebediw the magnet quench
temperature.

6. Dynamic heat load: keep it below 10 W/m.

7. Hands-on maintenance: keep residual dose rates on thpooemt outer surfaces below
0.1 mSv/hr.

8. Engineering constraints must always be obeyed.

As a result of optimization of the protection system, it bmegpossible to meet these constraints
for the LHC IR at the design luminosity of ¥cm=2s71, with £yax < 0.45 mW/g. Note that the
power density in the SC coils always peaks in the horizontakdical planes at the coil inner-most
radius.

4 LHC Upgrades and Beyond

After the LHC operates for several years at a nominal luniipas = 10** cm=2 s1, it will be
necessary to upgrade it for higher luminosity. In a tradiéioquadrupole-first desigr.x and
other energy deposition values grow proportionally to tmaihosity, and in general increase with
the quadrupole length and gradient and decrease with apettwas shown [3] that this option is
viable at modest upgrades up to about 280* cm 2 s 1.

At higher luminosities, the most attractive option is a detifiore inner triplet with separation
dipoles placed in front of the quadrupoles [2]. Comparedlie baseline design consisting of
single-bore quadrupoles shared by both beams, this laybstantially reduces the number of long-
range beam-beam collisions, allows the beams to pass erkawiigh the quadrupoles, and permits
local correction of triplet field errors for each beam. Irasiag the LHC luminosity by an order of
magnitude creates a hostile radiation environment reguftom colliding beam interactions.

The problem is particularly severe for the dipole-first latyasince most of the charged secon-
daries will be swept into the dipole by its large magnetiadfidDetailedMARS energy deposition
calculations have been performed to determine the fergibflthis approach [9]. Fig. 2 shows the
layout considered. The D1 dipole starts at 23 m, allowing:spas in the current IR, for a 1.8-m
long TAS absorber, and there are 5 m between the D1 and D2ow &k a TAN neutral particle
absorber. The orbits shown are for a horizontal crossingeasfgt0.212 mrad.
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Figure 2: Dipole-first interaction region layout.

The studies are done for the SLHC D1 of two types: a traditioos-theta design with a 4-layer
graded coil of inner radius 65 mm and a cold iron yoke, and @mapid-plane block type coils. At
L =10 cm? s71, the total power dissipated in the dipole is about 3.5 kW thezi design £max
in the cos-theta coils reaches 50 mW/g, almost two ordersaginitude higher than in the baseline
LHC optics. It can be reduced to about 13 mW/g with some sgacethe mid-plane, being still
unacceptably high. The fact that the radiation peaks in tileptane, has spurred the design of an
open mid-plane dipole magnet [9]. Tungsten rods at liquitbgen temperature are placed in the
mid-plane to absorb much of the radiation. Fig. 3 shows paleasity profiles in such a dipole at
the longitudinal maximum at its non-IP end. Peak power dgegiy in the coils of the block-type
dipole with no material on the mid-plane can be reduced waltiw the quench limit. More than
a half of the total heat load can be absorbed in the rods attbigperatures. Efficient removal of
remaining power from the cryogenic system is a major chg#eior implementing this IR design
as part of an LHC upgrade. It must be emphasized that suchigndeas never been tried, and
substantial R&D must be done before the feasibility of a neagh this type can be demonstrated.

Table 2 shows the peak dose and neutron fluence in the supecdR SC coils at the hottest
spots: Q2B quadrupole 8tax in @ quadrupole-first traditional layout (LHC, LHC-2, VLHCand
VLHC-2), and D1 in the dipole-first configuration (SLHC). & uiseful to note thad (MGyl/yr) =
50¢€ (mW/g). This table is the input for the material lifetime &s#s in the next section.

Dynamic heat loads in the LHC high-luminosity IRs on eitheesof IP at£ = 103*cm 2 s!
are rather high [1]. At cryo temperatures these are about 30 ¥aAch of the four quadrupoles
totaling 114 W, 19 W in corrector magnets and feedbox, 2 W én@R separation dipole, and 0.5
to 2 W in the outer triplet quadrupoles. At room temperattine, main players are 184 W in the
front absorber TAS, 6 W in intermediate absorbers, 50 W inQfhieseparation dipole, and 189 in
the neutral beam absorber TAN. These numbers scale up \eithrthinosity.
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Table 2: Peak dosb and neutron fluencE. g1 mev in inner triplet SC coils accumulated over first
10 “LHC” years (=5< 10’ sec).

Machine| Component | D (MGy) | F-0.1 mev, 10 cm—2
LHC Quad Q2B 225 1.04

LHC-2 Quad Q2B 45.0 2.08

SLHC Co¥9 D1 650 30

SLHC Block coil D1 55.0 2.54
VLHC-1 | Quad Q2B ~30 ~15
VLHC-2 | QuadQ2B | ~84 ~4

Residual dose rates are quite significant in the near beaionrg. At £ = 10 cm 2 s71,
after 30-day irradiation and 1-day cooling they are up tessvhundred mSv/hr at the TAS front
absorber and Q1 thick beam tube, up to several tens mSv/he atrter parts of the quadrupoles,
and below 0.1-0.3 mSv/hr on contact at the outer vacuum hasse45 cm. These numbers also

scale up with the luminosity.



5 Material Lifetime

Magnets are composed of superconductors@t), copper, insulation and structural materials (stain-
less steel or equivalent). All of these materials have wiffe radiation sensitivities and responses
to radiation damage. Additionally, the sensitivities aagfonses are temperature dependent.

5.1 Material limits

The limits for NiySn depend on the particular application. All three criticamponents of the
superconducting phase spadeg, (c andBc,) are reduced by different amount for a given radiation
dose. Some general limits [10] are:

e T. goes to 5 K for 5 10'° n/cn?.
e Ic goes to 0.9 at 1x10* n/cn? (at 14 T).
e B goesto 14 T at 3108 n/en?.

From this we see thd., is the most sensitive parameter and would be the determfaiigr
at a dose where the critical current is largely unalteredtupately, at supercolliders the neutron
fluence is low enough that this isn’t of too much concern;altfh the higher energy neutrons in
the accelerator are more damaging than the reactor-specasad to derive the above limits, so the
problem cannot be ignored.

Of more concern is the copper stabilizer increasing in tast® with dose. Since the protection
depends on the copper as a low resistance parallel path arslatility on the excellent thermal
conductivity, reductions in these properties put the meggaerisk. Most of the increased resistance
can be annealed out by warming to room temperature, butukégipe machine down for the thermal
cycle. Note, however, that NBn annealing requires warming to 900 K, so would not be ugeful
complete magnets.

It also poses an additional risk: Radiation resistant eggxsuch as cyanate esters, produce
gas as hydrogen is formed by the radiation (neutrons or pehtd his gas is immobile at 4 K but
expands if the magnet is warmed up. Cracking of the epoxy sh&ious risk, as well as loss of
integrity, every time the magnet is thermally cycled. Evepgoxies are not used and radiation
tolerant ceramics are used instead, there is still a palgidblem. Ceramics, such as BeO, exhibit
a linear expansion with radiation dose. Alumina, howeusiings with radiation. This will change
the preload on the coil over time and thermal cycle.

Other structural materials, such as stainless steel, betoittie with very high energy deposi-
tion. Generally, this is of less concern because of very Himges required for damage thresholds.

General radiation dose limits are given in Table 3. The Bnaite derived from the material
properties that are the most sensitive.

Table 3: General radiation dose limits.

Material Useful limit (MGy)
Copper > 10
Iron, Stainless steel > 10*
Ceramic > 10°
Organics ~ 107




5.2 R&D Needed

1. Detailed calculations of the local radiation fields atssi@re points that correspond to places
of high magnetic field and high shear stress. Radiation darizagkin to high magnetic field
in that the place with the highest damage determines theriée just as the highest magnetic
field determines performance.

2. Data at neutron energies greater than 14 MeV. Reactoigldta most abundant and easiest
to obtain and some way of relating that to the higher energyroes that predominate the
spectra at accelerators is required.

3. Damage studies on the newesiSh materials. Most of the data are 15-20 years old and there
have been significant advances in the last few years. Themsep of the newer materials to
radiation are unknown.

6 Thermal Analysis

Thermal analyses of the proposed designs for LHC-2 IR quudieq{11, 12, 13] and SLHC dipole-
first magnet [9, 14] have been performed to get an idea of th& fEmperatures in the coil due
to radiation heat loads and magnet operation margins. Tlmviag two sub-sections summarize
these results.

6.1 LHC-2 IR quadrupole

The proposed LHC-2 IR gquadrupole magnet is based on a tver-legys-B design with NRSn
conductor and 90-mm bore diameter. The total number of tisrid4 with coil area of 48.1 cfn
MARS-calculated power density were applied on the coil gelmynas a function of radius and
angle [1, 12, 15]. As mentioned in previous sections, thegradensity peaks at the inner layer of
the mid-plane turns. It decreases with increase in radidsaagle. Fig. 4 shows the comparative
power density in the mid-plane turns for the current LHC IRdgiand proposed LHC-2 quadrupole.
At £ =10® cm?s71, the expected radiation loads are an order of magnituderiémgquadrupoles
compared to that of the baseline LHC design.

Based on these heat loads, peak temperature was first cahfpone ANSYS analysis. The
peak temperature was then converted into the operatingimaaged on the superconductor trans-
port properties. Based on this analysis, it was noted [1RiHe8 NlzsSn magnet designed with a
20% quench margin can take up to 40 mW?ahpeak power density in the coil mid-plane turns at
the operation temperature of 1.9 K.

6.2 SLHC dipole-first

One of the two SLHC separation dipole-first magnets consatler Ref. [9] is based on a four-layer
cos-theta design with a bore diameter of 130 mm. It is plandtbnt of the IR triplet region. Total
number of turns is 282 with coil area of 119.1 €nirhe magnetic field at quench in the bore is
15.8 T forJ. (12 T, 4.2 K) = 3000 A/mrA. Heat deposition distribution in the coil was calculated
with the MARS code and applied on the coil elements. A coppacer would be inserted in the
mid-plane to reduce the heat load to superconductor. Asiamst in previous sections, the peak
power density in the copper spacer is 49 mW/g and that in thésct3 mWwi/g.

A thermal analyses for this design were performed in Ref] {lith different boundary condi-
tions. Table 4 summarizes these results. The thermal egiloag were based on cooling conditions
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Figure 4. Radial distribution of power density in the migupé turns for the LHC and LHC-2 IR
guadrupoles at longitudinal maxima.

that set the coil perimeter at 1.9 K. Cooling inner coil sogfavith perforated insulation in addition
to external, inter-layer and mid-plane cooling seems tcheentay to manage the temperature rise
due to radiation heat loads.

Table 4: Peak temperatuiig.y in cos-theta SC coils of SLHC dipole-first.

Cooling conditions Trax K
Coil (external) surface 1.9 K 27.7
Coil (external + mid-plane) surfaces 1.9 K 24.8
Coil (external + inter-layer) surfaces 1.9 K 11.3
Coil (external + inter-layer + mid-plane) surfaces 1.9 K11.3
Porous inner bore + All the above 7.0

7 Cryogenic Considerations for Dipole-First

Current designs for the upgraded dipole magnets in theaictien regions indicate a very high
heat load from the radiation environment. As discussed @vipus sections, this high radiation
environment will impact the lifetime of materials contaihin the magnets potentially requiring
innovative design concepts and new materials. In additinis, heat deposition can lead to large
thermal gradients within the magnet structure affectingymed performance. Ultimately, all the



radiation flux deposited heat in the magnets that must bevethloy the cryoplants. In the case of
upgrades to LHC, this issue is of concern given the magnitiidee heat deposition compared to
current LHC operating parameters. Clearly an upgrade teraplants will be required for any of
the planned upgrades.

The SLHC luminosity upgrade dipole-first design predictssk®V heat load per 10 m IR region
dipole. Since the accelerator has four such regions, tlaé lov-temperature heat load associated
with these IR magnets is 14 kW at low temperature. This hesd Elone is comparable to the
total current LHC accelerator magnet cooling load. Theaifesti cryogenic system for the LHC is
divided into eight sectors, each supported by a nominal 1&k¥5 K refrigerator. These machines
supply 30 kW between 50 and 75 K for shield cooling, 5 to 6 kWiheein 4.5 and 20 K for beam
screen cooling and 2.4 kW at 1.9 K for magnet cooling [16, TTHus, for the entire accelerator,
there is approximately 40 kW of refrigeration for the beamesos and 19.2 kW at 1.9 K for magnet
cooling.

In steady operation with the present LHC magnet and crydstsign, the 1.9 K heat load from
the accelerator magnets has an average value of less th&/®4orresponding to 10.8 kW or
roughly half the total 1.9 K capacity of the cryogenic systémeach interaction region, the current
heat load is 110 W for four quadrupole magnets, a factor o889 than calculated for the dipole-first
design. The additional 1.9 K capacity is used for off-norodration.

Any upgrade of the LHC operation will result in an increasdhia heat load to the cryogenic
plant. A luminosity upgrade from 26to 10°® cm2 s~1, will result in increase in beam screen heat
load from 1.7 W/m to 15 W/m for a total heat load between 4.52(hK of over 400 kw [18]. It also
possible that the higher luminosity will increase the sygaeht load on the accelerator magnets, but
this impact is not known at the present time. Clearly, theenircryogenic plant is insufficient to
meet this requirement.

Use of a high radiation absorbing dipole in the interactiegion of the upgraded LHC will
also severely impact the cryogenic system. According taddsgn, each dipole-first will absorb
3.5 kW of radiation heat during normal operation, resulfim@ total impact on the accelerator of
14 kKW over these localized regions. In addition to the impacthe total heat load to the cryoplant,
careful consideration to the magnet and cryostat desidi&iteeded to ensure stability and reliable
operation. For example, it may be necessary to considenatee cooling technologies to 1.9 K,
pressurized He-Il bath cooling for the dipole-first. Thidntds further emphasized as indicated
in the previous section, by the calculations that indichg temperature within the magnets may
exceed 20 K even if cooled with He-1l at 1.9 K. Clearly this farature is too high for conventional
magnet design using NbTi or even $8n superconductor.

Innovative magnet and cooling systems design may reducpeiile temperature of the dipole
to the point where one could consider usingsBb superconductor at 1.9 K. However, the cost of
operating such magnets may be too large a penalty for thegenyo plant. Alternatively, it may
be possible to use more recently developed ceramic supmirctms operating around 20 K. The
higher operating temperature would reduce the equivaééngeration power by roughly a factor of
ten. To consider this option, further research would be edad determine the resistance of these
materials to radiation damage.
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8 Summary

With careful design of IR layout, magnets and protectioriesys we can keep a peak power density
€max below the quench limit:

e in 90-mm 200-T/m NBSn quads ar < 2.5x10% with 30 W/m of dynamic heat load at peak
(compared to 10 W/m now) in LHC;

e in a 14-T NSn dipole-first D1 atL < 1x10°° with total power dissipated in the dipole of
about 3.5 kW, with a superconductor-less mid-plane design.

A op x L scaling gives a reasonable estimate for supercolliderdRsough details of spatial
distributions can be obtained via realistic Monte Carlotuths out that there is no strong depen-
dence of peak power density.x on the coil aperture because one needs to adjust the gradient
appropriately. Rules of thumb here are:

e at fixed aperture, the stronger field the highgx;

¢ atfixed field, the larger aperture the lower pegl with heat load distributed more uniformly
along the triplet with more secondaries (power) leakingas its end and further (TAN and
outer triplet).

Dynamic heat load is a serious issue. All radiation issuesary serious at higher luminosities.
The design is below the quench limit for bfen, but is a factor of 2 to 3 times larger than for current
NbTi quadrupoles. Accumulated dose, residual dose ratgésotrer radiation values inside and
outside magnets scale up with luminosity, linearly to thst fapproach. With the present design, at
£ =10*, we are on a 7-year limit for material lifetime and on or abtheeCERN limits for residual
radiation. Much more MARS analysis is needed here on cordigur and materials.

Operational and accidental beam loss in the inner and aupéats is a serious issue, with their
higher magnetic fields. The results we have for the curresigdeare already somewhat scary. We
have a sophisticated monstrous movable collimator in IP@atadle unsynchronized beam abort,
but it seems that to reliably protect IP5 inner triplet we Vdostill need another collimator on the
non-IP side of the current D1. At SLHC everything becomesesavere.

TAS itself and shielding around TAS-Q1 need to be re-desidoesuppress ten times (at least)
higher albedo fluxes to ATLAS and CMS-like detectors. Nduiemm absorber TAN and its shield-
ing need to be re-designed to accommodate ten times higlaen bewer and provide adequate
shielding for prompt and residual radiation.

Work needed:

e Further characterize various IR designs in terms of ramlianvironment, with respect to
peak energy deposition, fluence, dose, and cryo load.

¢ Define material properties and acceptable design criterigifen dose

e Survey fusion program results: identify relevant inforioatand identify areas for focus
(Nb3Sn behavior in LHC IR radiation field).

e Develop appropriate tests (materials, magnetizatios tasteu of directl, etc).
¢ Identify existing rad hard materials for incorporationamhagnet programs.

e Focus R&D on what is left.
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